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Abstract 



The potential to discover a Standard-Model-like Higgs boson at the LHC in the mass range 
from 150-180 GeV, decaying into a pair of W bosons with subsequent leptonic decays, has been 
established during the last 10 years. Assuming that such a signal will eventually be observed, the 
analysis described in this paper investigates how accurate the signal cross section can be measured 
and how the observable lepton spectra can be used to constrain the mass of the Higgs boson. 
Combining the signal cross section with the analysis of the lepton pr spectra and assuming the 
SM Higgs cross section is known with an accuracy of ± 5%, our study indicates that an integrated 
luminosity of about 10 fb _1 allows to measure the mass of a SM Higgs boson with an accuracy 
between 2 and 2.5 GeV. 
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I. INTRODUCTION 



The search for a Standard-Model(SM)-like Higgs boson in the mass range between the 
current limit of about 115 GeV and about 1 TeV is one of the main goals of ATLAS and 
CMS, the two large LHC experiments [l[. A large variety of signatures have been studied 
in detail during the last 15 years and the main discovery channels are now well established. 
For a detailed description of all these possibilities, we refer the reader to Refs. [l[ and some 
recent reviews 0, 0, 0] • 

The three main Higgs discovery channels are the 77 channel (gg — > H — > 77) for masses 
below 140 GeV, the four lepton channel (gg -> H -> ZZ<*> -> iili) for masses between 130- 
155 GeV and above 180 GeV, and the H -> WW channel (gg -> H -> WW -> for 
masses between 150 GeV to 180 GeV @. 

Signals in the four lepton channel and the 77 channel would be observed as peaks in 
the invariant mass above backgrounds. These peaks are unambiguous discovery signals, 
which can be used directly for mass and cross section measurements. Such measurements 
are essentially only limited by statistics. It has been estimated that these mass peaks, once 
a luminosity between 10-100 fb" 1 is accumulated, can be used to measure the Higgs mass 
directly with an accuracy smaller than 1 GeV. A detailed description of these possibilities 
can be found in some recent reviews @, S, 0] ■ 

The H — > WW channel with the subsequent W decays to leptons (W — > Iv) is now well 
established as the discovery channel in the Higgs mass region between 150 GeV to 180 GeV. 
In contrast to the other two channels, the two undetectable neutrinos do not allow the direct 
reconstruction of a mass peak and some model dependent Monte Carlo techniques have to 
be used. 

As this mass region is otherwise almost inaccessible and the proposed signature has a 
large signal cross section with a relative good signal to background ratio, it is interesting to 
investigate how and how well the Higgs mass can be determined in this channel with two 
undetectable neutrinos. 

Such procedures are not new and have previously been used successfully for the mass 
determination of the W boson and the top quark at hadron colliders (see for example Ref. 

So far only qualitative procedures have been proposed, using either the charged lepton 
Pt spectra, as suggested in Ref. Q, or the transverse mass distribution, as proposed in 
Refs. 

The transverse mass determination involves directly the measurement of the missing 
transverse momentum with the related experimental uncertainty and depends to some extend 
also on the various required selection cuts. The missing transverse momentum can be defined 
in several ways, and depends on many details of the actual detector behavior. A detailed 
analysis of the corresponding systematic errors of this observable has not been performed 
yet. In contrast, the mass- dependent observables studied in this paper are much simpler 
and the systematic uncertainties can already be determined. 

This analysis, described in the following, uses the observed signal cross section for the 
H — ► WW channel for a Higgs mass between 150-180 GeV and the observable lepton p^ 
spectra. For this study we use the reweighting method, described in Ref. [lOj , which allows 
to approximate higher order QCD corrections to the Higgs px spectrum. A similar st ud} 



was performed in Ref. [llj including also rapidity-dependence by reweighting to FEHIP 
a program computing fully differential distributions for Higgs production at NNLO. It was 
shown there that the effect of the rapidity-dependence is very small. To simplify the analysis 
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the signal selection criteria from Ref. 10], which are based on the criteria proposed in Refs. [5j 
and |7|, are used. 

This paper is structured as follows. First (Section II) we repeat the analysis described in 
Ref. 10| using mass independent selection criteria. 

Next (Section III) we analyze the "observed" signal cross section for different Higgs 
masses and within the Standard Model. The potential systematic uncertainties originating 
from the various backgrounds and with essentially identical selection criteria have recently 
been determined in a full CMS detector simulation [l3j]. The results from this analysis are 
used in the following to estimate the potential systematic errors for the mass measurement. 

Next (Section IV) we investigate how correlations between the Higgs mass and the ob- 
servable lepton pt spectra can be used to constrain the Higgs mass. Finally (Section V), it is 
demonstrated how the mass ambiguities, which result from the signal cross section measure- 
ment, can be resolved from a detailed analysis of the lepton p^ spectra. The uncertainties 
from the remaining model dependence are also discussed. 



II. SELECTION OF HIGGS SIGNAL EVENTS 

The possibility to distinguish the Higgs boson in the decay H — > WW — > Ivlv from non 
resonant backgrounds and for masses between 150-180 GeV is based on the following quali- 
tative criteria: 

• In contrast to the various backgrounds from non-resonant WW decays, the two charged 
leptons originating from the Higgs decay have a small opening angle. This particular 
signal structure originates from the correlated spins of the two W bosons produced in 
the decay of a a spin object and from the V-A structure of W decays. This behavior 
is preserved as long as the transverse momenta of the Ws are small compared to the 
W mass. This condition is fulfilled if the Higgs mass is close to the mass of two W 
bosons and if the Higgs boson itself is produced with a small transverse momentum. 

• The WW pair, originating from the Higgs decay, is produced dominantly in the gluon 
fusion process while the continuum WW events are produced mainly from qq scatter- 
ing. As a result, the signal events have a shorter rapidity plateau then the continuum 
WW background events. 

• WW pairs originating from the production and decay of top quark pairs are usually 
accompanied by jets and can be strongly reduced by a properly adjusted jet veto. 

• The observable lepton transverse momentum spectra show a Jacobian peak-like struc- 
ture allowing to further optimize the signal over background ratio. 



The Higgs signal events are simulated with the PYTHIA Monte Carlo [14|, where the 
Higgs pt spectrum is reweighted such that it matches the one expected from the resumed 
NNLO(+NNLL) calculations (generated with the HqT program, Ref. fl5l. [l6l| ) . 

Some first optimization of the selection cuts for a Higgs mass around 165 GeV has been 
described previously jl, 0, 10] . For the purpose of this paper we apply the selection criteria 



used in Ref. [lOj. The proposed analysis proceeds in two steps. First, criteria 1-5 selects 
events which contain two isolated high px leptons which come largely from resonant or non 
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resonant events of the type WWX. In the second group of cuts, criteria 6-8, the resonant 
H — > WW signal events are separated from continuum WWX events. 
In detail, the following cuts are applied: 

1. The event should contain two leptons, electrons or muons, with opposite charge, each 
with a minimal pi of 10 GeV and a pseudorapidity \r)\ smaller than 2. 

2. In order to have isolated leptons, it is required that the transverse energy sum from 
detectable particles, defined as "stable" charged or neutral particles with a pt larger 



than 1 GeV, found inside a cone of AR = \J Arf + A(f> 2 ) < 0.5 around the lepton 
direction, should be smaller than 10% of the lepton energy and the invariant mass of 
all detectable particles within the cone should be smaller than 2 GeV. Furthermore, 
at most one additional detectable particle inside a cone of AR < 0.15 is allowed. 

3. The dilepton mass, m«, has to be smaller than 80 GeV. 

4. The missing p^ of the event, required to balance the vector sum of the two leptons, 
should be larger than 20 GeV. 

5. The two leptons should not be back-to-back in the plane transverse to the beam 
direction. The opening angle between the two leptons in this plane is required to be 
smaller than 135°. 

Dilepton events, originating from the decays of W and Z bosons, are selected with the 
criteria 1 and 2. Lepton pairs which originate from the inclusive production of Z — > i£(j), 
including Z decays to r leptons, are mostly removed with criteria 3-5. 

Starting with this initial set of requirements, the following criteria exploit the differences 
between Higgs events and the so-called "irreducible" background from continuum production 
of pp — > W + W~ events 1 . 

6. The opening angle <j) between the two charged leptons in the plane transverse to the 
beam should be smaller than 45° and the invariant mass of the lepton pair should be 
smaller than 35 GeV 2 . 

7. Jets are formed with a cone algorithm, requiring a minimum jet transverse momentum 
in order to be considered as a jet. For this analysis, events which contain a jet, with 
Pt* > 30 GeV and with a pseudorapidity |?7 Jet | < 4.5, are removed. 

8. Finally, the pp spectrum of the two charged leptons is exploited. For this, the two 
leptons are classified according to their Pr(j>Tmin an d PTmax)- ^ is found that the Pxmax 
and PTmin show a Jacobian peak-like structure for the signal, which depends on the 
simulated Higgs mass. In case of a Higgs mass close to 165 GeV, Pxmax should be 
between 35 and 50 GeV, whereas the p^ min should be larger than 25 GeV. 



1 In a recent paper the importance of the heavy flavour background has been investigated [17} . As our 
selection criteria are much stronger than the ones discussed in this paper, no relevant contribution from 
this background is expected. 

2 A minimal angle of 10° (or minimal mass of 10 GeV) might be needed in order to reject badly measured 
T — > c + cT (p, + fi~) decays. Such a cut would not change the signal efficiency in any significant way. 
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FIG. 1: Cross section of the Higgs signal (Mh = 165 GeV) as well as the main backgrounds, that 
is qqWW, ggWW, tt and Wtb, as a function of the p^ mSLX (left) and p^ min (right). All cuts are 
applied except the ones on the pt of the leptons. The events are generated with PYTHIA and 
TOPREX 18j] and reweighted to NNLO and NLO respecti vely . WW production via gluon fusion 
was generated using a Monte Carlo provided by N. Kauer 19j, with parton shower simulation in 
PYTHIA. 



Since the optimal values for these cuts, especially for the cuts on the lepton p T depend 
on the Higgs mass, some more sophisticated tuning might be performed for other Higgs 
masses. However, for the purpose of this analysis, the Higgs mass determination, we choose 
to use fixed selection criteria which provide an acceptable signal to background ratio for 
Higgs masses between 150 GeV and 180 GeV. 

The most relevant backgrounds are the continuum WW production (qq — > WW — > 21 2v, 
gg — > WW — > 2£ 2v) and events related to the production of top quarks 
(qq -»• tt -> WbWb -> 2£ 2ubb, qq -> tWb -> WbWb -> 21 2vhb). The correspond- 
ing lepton spectra for different backgrounds and for a signal of Mh = 165 GeV are 
shown in Figure [Ilk and iHb and in Figure [2^ and [2b for the sum of all backgrounds with 
and without the signal. 

For the proposed cuts a signal to background ratio between roughly 2:1 for a Higgs mass 
close to 165 GeV and about 1:1 for a mass of 150 GeV and 180 GeV is obtained. The 
lepton pt spectra for signal and background are somewhat different and depending on 
a more detailed understanding of the signal and background within future Monte Carlo 
simulations, some more optimized and sophisticated signal selection procedures can be 
done. For example, one sees from Figure [2b that for p^ min smaller than 20 GeV the signal to 
background ratio is about 1:3. In contrast for p^ m[n close to 30 GeV a signal to background 
ratio of about 3:1 can be obtained. Some further optimisation is thus certainly possible but 
is not required for the study described in the following sections. 

Figure [3^ and [3b show the transverse momentum spectra of the two charged leptons 
from the Higgs signal (Mh = 155 GeV, 165 GeV and 175 GeV), requiring only a minimal 
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FIG. 2: Cross section of the Higgs signal (Mh = 165 GeV) and the sum of the main backgrounds, 
that is qqWW, ggWW, tt and Wtb, and the background alone, as a function of the pt of the 
lepton with the maximal pt (left) and the minimal pt (right). All cuts are applied except the ones 
on the pt of the leptons. The events are generated with PYTHIA and TOPREX and reweighted 
to NNLO and NLO respectively. WW production via gluon fusion was generated using a Monte 
Carlo provided by N. Kauer [19|], with parton shower simulation in PYTHIA. 




FIG. 3: Cross section of gg —* H — > WW — ► Ivlv process for a Higgs mass of 155, 165 and 175 
GeV as a function of the lepton of Pxmax (left) and Pxmin (right). Only the lepton isolation cut 
and the minimal pr of 10 GeV are applied. 
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FIG. 4: Cross section of the Higgs signal decaying into WW — > tvlv for a Higgs mass of 155, 165 
and 175 GeV as a function of Pxmax O e ft) an d PTmin (right). All cuts, except the final ones on the 
Pt of the leptons, are applied. 



lepton transverse momentum of 10 GeV and isolation. Figure UK and |4b show the signal 
distributions of the lepton transverse momenta after all cuts except the final lepton p T cuts 
are applied. The Higgs mass dependence, as shown in Figure [3] (before) and Figure H] (after 
cuts), of the lepton p T spectra remains after the selection cuts are applied. The lepton p T 
spectra will be discussed in more detail in Section IV. 

It should be clear that a convincing real data analysis needs to study in detail the number 
of accepted events for the different cuts and for signal enhanced and signal depleted phase 
space areas. Such an study has been performed in a recent detailed full detector simulation 
study in CMS, [13j. This study has demonstrated that such a model independent data 
driven analysis allows to constrain the tt background with an accuracy of about 16%. In 
a similar approach the background from WW continuum events have been estimated. A 
combination of these background uncertainties, weighting the relative errors and adding 
them quadratically resulted in a total systematic background error of 10%. In the following 



we use this result from Ref. [13|] to investigate how well a potential Higgs signal cross section 
can be determined. 



III. ACCEPTED SIGNAL CROSS SECTION AND THE HIGGS MASS 

The number of signal events is the product of the theoretical signal cross section, the 
luminosity and the detection efficiency. Table I summarizes the Standard Model Higgs 
signal cross section, the efficiency after all cuts are applied, and the number of expected 
events for an integrated luminosity of 10 fb _1 . One can see that the expected number of 
events depends strongly on the Higgs mass. 

In order to use this information, the uncertainties from background, from the detection 
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efficiency, the luminosity and the theoretical signal cross-sections have to be estimated. 



signal H -> WW -» tvlv 








M H [GeV] 


a [pb] 


e [%] 


accepted events per 10 fb 1 


150 


1.93 


1.07 


206 ±9.9%(stat.)±10.2%(syst.) 


155 


2.08 


1.45 


302 ±7.5%(stat.)±7.0%(syst.) 


160 


2.23 


2.07 


464 ±5.6%(stat.)±4.5%(syst.) 


165 


2.23 


2.18 


486 ±5.4%(stat.)±4.3%(syst.) 


170 


2.12 


1.69 


358 ±6.7%(stat.)±5.9%(syst.) 


175 


1.96 


1.28 


250 ±8.6%(stat.)±8.4%(syst.) 


180 


1.82 


0.99 


179 ±11.0%(stat.)±11.8%(syst.) 


background process 








qq -» tt -> WbWb -> 2£ 2z^bb 


86 


0.004 


30.3±16% 


qq -> tWb -> WbWb -> 2£ 2z^bb 


3.4 


0.026 


8.7±20% 


qq -» WW -» 2^ 2z/ 


9.09 


0.113 


103 ±13% 


gg -> WW -» 2£ 2^ 


0.48 


1.473 


70 ±30% 


Combined 


99.3 




211 ± 10% 



TABLE I: The expected cross section for a SM Higgs at NNLO with different masses and for 
the dominant backgrounds at NLO (except ggWW which is only known at LO) are given. The 
efficiencies and the number of accepted events for a luminosity of 10 fb -1 are also given. Both, the 
theoretical uncertainty for the cross section, Aa/a and the signal efficiency uncertainty, Ae/e are 
currently estimated to be about 5%. The uncertainties from background subtraction systematics 
depend on the signal to background ratio and are is summarized in the last row. 

It is obviously impossible to know exactly how well such measurements can be performed 
using recorded data at LHC Nevertheless, assuming that the detectors can be operated as 
well as previous high energy hadron collider experiments, the achievable systematic uncer- 
tainties can be estimated. The experimental uncertainties are listed first: 

1. For the background uncertainty we use the results from a recent "data" driven CMS 
analysis where an accuracy of 10% has been found (l3| . 

2. For the signal efficiency it can be assumed that the efficiency for isolated high pp 
leptons can be controlled from the data, using the inclusive Z — > ee and Z — > fifi sam- 
ples. Such a procedure should allow to control the charged lepton detection efficiency 
uncertainty with uncertainties of perhaps ± 1% but certainly much smaller than 5%. 

3. Other efficiency uncertainties come from the Monte Carlo modeling of the assumed 
Higgs pt spectrum, from the rapidity dependence and from the jet activity in signal 
events. We assume that these efficiencies can be measured to some extend also from 
data using various control samples like leptonic decays of inclusive W and Z events. 
Especially the Z events, with and without jets, allow to study in detail the underlying 
event with high precision, as those events have almost no background. Furthermore, 
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the Z spectrum can be measured from the leptons alone and with very good accu- 
racy. A detailed analysis of the jet activity in the Z+X events, especially with a pp jet 
close to the cut value used for the jet veto, allows to "calibrate" the jet veto efficiency 
from the data with accuracies well below 5%. 

The proposed signature requires only the identification of two isolated charged leptons 
and a veto against jets with a above 30 GeV. As this signature is much simpler 
than the signal selection for tt events, we can use a recent detailed CMS analysis of 



the tt cross section measurement [20| to estimate an upper limit for the Higgs signal 
efficiency uncertainty. The signal for tt events requires at least one isolated lepton, 
some jets with a large invariant mass and with a possible additional requirement that 
one jet is tagged as a b-flavoured jet. The CMS analysis concluded that the tt signal 
efficency can be determined with a total systematic uncertainty of 9%, dominated by 
the b-tagging efficiency uncertainty of 7%. The remaining uncertainties from other 
sources were estimated with an uncertainty of roughly 5-6% . One can thus conclude 
that the much simpler Higgs signal signature, with two isolated high p^< leptons only, 
can be selected with an accuracy of ±5% or better. 

Combining these mostly experimental errors, one finds that the backgound uncertainties 
of 10% (AB/B), varying with the particular signal to background ratio, and the efficiency 
uncertainty of 5% match roughly the expected statistical errors already for a luminosity of 
10 fb- 1 . 

In order to make an interpretation of the accepted Higgs signal cross section, theoret- 
ical predictions and the luminosity uncertainties have to be estimated as well. The main 
contributions are the following: 

1. Today, the signal cross section is known with NNLO accuracy from perturbation theo- 
rie. The uncertainty from unknown higher order calculations was estimated in Ref . [2l| , 
where it was shown that the calculations are converging rapidly and that the difference 
between the Higgs cross section at N 3 LO and NNLO is at most about 5%. 

2. The absolut luminosity uncertainty is in general believed to be known with an accuracy 
of about 5%. A much more accurate relative luminosity and cross section measure- 
ment, as proposed in j22[ should allow a smaller normalization uncertainty, reaching 
eventually 1%. This approach has been used in Ref. [23|, where it was pointed out 
that the uncertainties from parton distribution functions, from a s and other related 
systematics are very similar for the LHC cross sections of the SM Higgs and for the 
W and that the relative rates are already understood with an accuracy of 2-3%. 

Thus, one finds that the theoretical cross section interpretation of a hypothetical signal is 
currently dominated by the 5% uncertainties from future higher order calculations, if relative 
cross section measurements for the Higgs signal and for the inclusive W and Z production 
are used. 

We now use the expected number of signal events, as given in Table I, to discuss how these 
hypothetical signals can be used for a signal cross section measurement and its interpretation 
with respect to the Higgs mass. 

The statistical error of a cross section measurement is defined as AS/ S = 1/ ^/ S + B. 
As can be seen from Table I, the analysis will reach statistical uncertainties between 5-11% 
for an integrated luminosity of about 10 fb -1 . It is straightforward to use the results from 
Table I to estimate the statistical uncertainties for any other integrated luminosity. 



10 



To summarize, the systematic uncertainties from backgrounds (AB/B), currently esti- 
mated to be about 10% for an integrated luminosity of 10 fb _1 , seem to be the dominant 
contribution to the systematic uncertainty of the number of events. For a signal to back- 
ground ratio of 1:1 this would correspond to a 10% signal uncertainty. For a better signal 
to background ratio of 2:1 the overall uncertainty would drop to 5%. 

Larger data sets, combined with a well understood detector and more accurate MC gen- 
erators might result in some reduction of this background uncertainty. However, such future 
improvements can easily be included into the strategy and the results obtained with the 
current assumptions. The uncertainty from the detection efficiency, as discussed above, can 
be expected to be about 5%. In addition one must take the uncertainty from the theoretical 
prediction into account. It is currently assumed that, using relative measurement and opti- 
mal cross section ratios, an accuracy of 5% has been reached already. Thus, combining all 
these errors an entire systematic uncertainty of 10-15% for the cross section measurement 
seems to be realistic. The systematic uncertainty starts to be the dominant error once a 
luminosity of about 10-20 fb" 1 is reached. Figure [5] shows the number of hypothetical signal 
events within the Standard Model and for an integrated luminosity of 10 fb _1 . 

In order to demonstrate how such a "result" can be interpreted in terms of the Higgs mass, 
the theoretical expectation for accepted Higgs signal events was determined for different 
Higgs masses such that an analytic function could be used to approximate the prediction 
for all Higgs mass values. The accepted events were obtained with PYTHIA reweighted to 
the HqT program A fit with two Gaussian functions was used to obtain the curve. 

The experimental and theoretical uncertainties will be split in the following way. The band 
indicates the ± 5% theoretical cross section uncertainty. As can be seen from Figure 
a broad maximum of signal events is predicted for a mass between 160 and 168 GeV. For 
lower and higher masses, the expected rate of signal events decreases steeply. On the left 
side of the Figure, the estimated number of accepted events for three different Higgs masses, 
as listed in Table I, are shown. The corresponding number of events are 206 ± 29 for a 
Higgs mass of 150 GeV, 302 ± 35 events for a Higgs mass of 155 GeV and 486 ± 34 for 165 
GeV. The statistical and the estimated experimental systematic errors have been added in 
quadrature. 

Taking first the expected number of 302 ± 35 events the graphical interpretation leads 
directly to a possible SM Higgs mass of either the correct mass of 155 ± 2 GeV or to a second 
solution of 173 ± 2 GeV. A similar accuracy and twofold ambiguity would be obtained for 
other hypothetical number of events outside the peak region. 

For signal numbers between 460 to 480 events, the uncertainty being about ± 35 events, 
one would interpret this result with a SM Higgs somewhere between 160 and 168 GeV with 
nearly equal probability. 

Assuming a nearly flat probability distribution for all masses within this interval, one 
could estimate that the most likely mass value would be 164 GeV with the corresponding 
RMS error of 2.3 GeV, as defined from a box-like distribution with a width of 8 GeV 
(RMS = width/ vT2). 



IV. HIGGS MASS AND LEPTON p T SPECTRA 

In the previous section we have shown how a potential Higgs signal cross section mea- 
surement in the mass range between 150-180 GeV can be used for a first estimate of the 
Higgs mass. If one finds another observable which is suited to distinguish between the now 
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FIG. 5: Number of SM Higgs events events for 10 fb -1 with all cuts applied and approximated 
with a fit of two Gaussian distributions for Higgs masses between 150-180 GeV and assuming a 
theoretical cross section uncertainty of ± 5%. Three hypothetical experimental numbers of signal 
events, including statistical and systematic error, are also shown. For the case of a hypothetical 
result corresponding to a Higgs mass of 155 GeV, the possible graphical interpretation in terms of 
the SM Higgs mass is also indicated. 



ambigious mass predictions in the tails of the mass curve, an accuracy of about ± 2 to 2.5 
GeV can be found, assuming that the Higgs has Standard-Model-like properties. 

Now we will try to analyse correlations between the Higgs mass, the Higgs transverse 
momentum spectrum and the observable lepton pp spectra in order to find such an observ- 
able. As has been shown in Figures [3] and HJ the pt spectrum of both leptons, before and 
after the selection cuts, depends on the Higgs mass. 

Figure [6^ shows the Higgs cross section as a function of the Higgs px for different Monte 



Carlo predictions (M H = 165 GeV). Compared are PYTHIA, HERWIG|2j, MCONLO [25 
and HqT. FigureEb shows the normalized cross section to compare the shapes of the different 
calculations. 

For Higgs transverse momenta smaller than 10-15 GeV, large unknowns prevent currently 
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an accurate calculation of the Higgs px spectrum. 

The used search strategy requires various selection criteria, especially the jet veto (to 
remove top-like events), which essentially remove all events where the Higgs has a transverse 
momentum larger than the value for the jet veto cut (p T et )• in this analysis, p T et = 30 GeV 
was used. Therefore, the low px Higgs region is especially important for this signature. 




FIG. 6: The px Higgs spectrum for a Higgs mass of 165 GeV and four different Monte Carlo 
programs: HERWIG, MC@NLO, PYTHIA and PYTHIA reweighted to NNLO. Normalized (left) 
and absolute (right) scale. No cuts are applied. For PYTHIA, the q-ordered showering is used. 
More pr Higgs spectra, including the predictions from bp-ordered shower in PYTHIA and results 
with CASCADE [26], can be found in p. 246-250 and H p. 127-131. 



Figure [6^, and [6b demonstrate that the Higgs px spectrum can currently not be calculated 
from first principles. In addition, the Higgs px spectrum can not be measured directly in 
this channel. One should therefore try to find an observable which is rather independent 
from the specific Higgs px spectrum. We will investigate in the following if the Higgs mass 
sensitivity of the lepton px spectra is large enough compared to the potential correlations 
with the not well known Higgs px spectrum. 

The studied experimental observables are the lepton px spectra (p Tm ax an d Pxmin ) an d 
Apx defined on an event by event basis (p Tma x " PTmin ) • 

Figure [7J shows the mean value of Ap T without ([71a) and with ([TJd) cuts as a function 
of the Higgs px and for a Higgs mass of 155 GeV, 165 GeV and 175 GeV. It is interesting 
to see that this observable, before and after cuts, is essentially independent from the Higgs 
Px spectrum. Consequently, the unkown details of the Higgs px spectrum are not relevant 
for the interpretation of this observable. We will investigate now how well the predictions 
for a Higgs mass of 155 GeV and 175 GeV can be distinguished. Figure [7b shows that the 
expected mean values between a Higgs mass of 155 GeV and 175 GeV. With all cuts applied 
the px difference of the two charged leptons is on average about 10 GeV for a Higgs mass 
of 175 GeV compared to about 9 GeV for a mass of 165 GeV and lower. This difference of 
about 1 GeV should be compared to the error for the mean value, expected to be roughly 



13 



20 
18 
16 
14 
12 
10 
8 
6 
4 
2 




I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 



o M H = 155GeV 
» M H = 165GeV 
. M H = 175GeV 

■ ■ i ■ ■ ■ ■ i ■ ■ ■ ■ i ■ ■ ■ ■ i ■ ■ ■ ■ i ■ ■ ■ ■ i ■ ■ ■ ■ i ■ ■ ■ ■ i 



5 10 15 20 25 30 35 40 

p"[GeV] 



> 
CD 



16 



1 10 - 



- 


1 1 1 1 1 1 1 1 1 1 1 1 1 1 


.... 


.... 


.... 


I I I I l_ 
- 


- 

• 




• 






- 










• 




- o 


6 9 <g 








o 


• 












e 


o 


M H = 155 GeV 












M H = 165 GeV 










• 


M H = 175GeV 










1 1 1 1 


all cuts applied 

■ i i i i i i i i i i i i i 


i i i i 


1 1 1 1 


1 1 1 1 


" 



5 10 15 20 25 30 35 40 

p"[GeV] 



FIG. 7: Average Apx between the leptons as a function of pr Higgs. (Left) No cuts are applied 
except two isolated leptons required (right) all cuts are applied. 
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FIG. 8: Difference between the pt distributions of the leptons for different Higgs masses. The error 
for Mh 165 GeV is given for a luminosity of 10 fb" 1 . (Left) Normalized (right) Number of events 
for 10 fb" 1 . All cuts are applied. 



RMS/v^iV, or about 5.3 GeV/ a/302 = 0.3 GeV for an integrated luminosity of 10 fb -1 and 
a mass of 155 GeV. Consequently, the distribution allows to distinguish a mass of 155 GeV 
and 175 GeV with at least 3 sigma. 

Next, the shape of the entire Apr distribution, shown in Figure (normalized) show the 
predicted shape and [8]d in addition the differential distribution expected from the Standard 
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FIG. 9: Average transverse momenta of the leptons as a function of pr Higgs, all cuts applied, 
except the ones on pt of the leptons (left) and except the ones of p^ min (right). 
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FIG. 10: Normalized distribution of the leptons for different Higgs masses and for a luminosity 
of 10 fb _1 . (Left) All cuts are applied except the ones on p^ of the leptons (right) all cuts are 
applied except the one on Pxmin- 



Model using the NNLO prediction (with reweighting) from the HqT program for 10 fb _1 
and with all cuts applied. 

Using only the shapes, shown in EK, the statistics from a measurement with a luminosity 
of 10 fb _1 should be sufficient to distinguish a Higgs mass of 155 GeV from one at 175 GeV 
independent from any cross section assumptions. In a more detailed analysis and once a 
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FIG. 11: pt distribution of the leptons for different Higgs masses and for a luminosity of 10 fb . 
(Left) All cuts are applied except the ones on pt of the leptons (right) all cuts are applied except 
the one on p Tmin . 



signal has been observed, a detailed shape analysis would accurately count the number of 
signal events per Apx bin. For example one could measure the fraction of signal events with 
Apx larger than 15 GeV in Figure resulting in a difference of about 2 sigma between 
175 GeV and the two lower mass hypotheses 165 GeV and 155 GeV. Such an analysis would 
certainly also benefit from much larger luminosities. Similar and if in addition the SM cross 
section prediction is assumed, as shown in Figure [8b, even a mass between 165 GeV and 
155 GeV can be separated easily. 

Finally, one can study how the lepton p Tmax and p Tmin distributions are correlated with 
the Higgs mass and the Higgs pt spectrum. Figured and [9b show (1) that the average 
values for p Tmax and p Tmin are essentially independent from details of the Higgs pt spectrum 
and (2) that some correlation with the Higgs mass exists. Figure [TOa andfTUb show the shape 
of the p Tmax an d ^Tmin distributions for accepted events with all cuts except the final lepton 
Pt cuts for p Tmax distribution and all cuts except the cuts on p Tmin in the p Tmin distribution 
are applied. The corresponding distributions with the absolut cross section are shown in 
Figure [TTh and [TTb . These distribution demonstrate clearly that a more detailed analysis 
of the pt spectrum, especially when much larger luminosities become available, can increase 
the potential mass range for this signature perhaps to Higgs masses well below 150 GeV 
and should improve the Higgs mass measurement considerable. For example, as one can see 
in Figure [TTh. about 21% of the excess events and a Higgs mass of 175 have a p Tmax larger 
than 50 GeV. This should be compared with about 11% for a mass of 165 GeV and 6% for 
a mass of 155 GeV. Once an excess of Higgs-signal-like events has been demonstrated one 
would then analyze the distributions of p Tmax and p Tmin in much more detail. For example, 
one could measure the excess of signal events for p Tmax larger than 50 GeV and/or p Tmin 
between 10 GeV and 20 GeV and compare this to the mass dependence in the most accurate 
Monte Carlo simulations. 
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Figures [7] and [9] demonstrate that the Higgs mass and the average lepton transverse 
momenta are correlated, while essentially no correlation between the transverse Higgs mo- 
mentum and the average lepton px can be seen. 

This on the first view surprising result can be qualitatively understood as follows. The 
transverse momentum spectra of the leptons depend essentially only on the mass of the 
intermediate W, their px , and the spin correlations between the two W's. 

For a Higgs mass slightly above 160 GeV, essentially both W bosons are on shell. For 
lower Higgs masses one finds that it is more likely that the available decay energy will rather 
go into the W mass than into its momentum. For larger Higgs masses, the energy of the W 
boson and thus its average transverse momentum will increase rapidly. For example in the 
rest frame of the Higgs with a mass of 180 GeV, decaying into two on shell W's, one expects 
already an average W momentum of about 40 GeV. 

Depending on the spin orientation, the charged leptons will either be emitted in the 
direction of the W momentum or against it in the rest frame of the Higgs. In case the lepton 
is emitted in the direction of the W, its momentum will also be increased. In contrast, if its 
emitted opposite the W momentum, as forced by the spin correlations in the W rest frame, 
its momentum in the lab frame will be reduced. As long as the mass of the W is much larger 
than its px , the two resulting leptons will have a small opening angle in the lab frame. 

For very large Higgs masses, this condition is not fulfilled any more, and the small opening 
angle between the two charged leptons, which is the signal signature, will disappear. 
What happens now when the Higgs boson, with a mass close to 2 Mw, itself has a small 
(compared to Mw) transverse momentum? On average and very qualitatively, this will add 
some transverse momentum to the W emitted in the direction of the momentum of the 
Higgs boson and reduce the transverse momentum of the other W boson. Consequently, one 
charged lepton gets a slightly larger px and the other one a slightly smaller pi . As a result 
one would expect that the width of the lepton px spectrum gets broader while their mean 
values and especially their difference remain essentially unchanged as long as the selection 
criteria do not cut too strongly in the low momentum tail. 

V. COMBINED HIGGS MASS MEASUREMENT 

In section III the correlation between the number of expected signal events with the 
Higgs mass has been used to estimate the Higgs mass. As a result a mass measurement 
with an error between 2.0 GeV and 2.5 GeV has been obtained assuming the validity of 
the Standard Model cross section calculation with a theoretical accuracy of 5%. However, 
the cross section interpretation for masses below 160 GeV or above 168 GeV leads to two 
possible Higgs masses. In section IV correlations between the lepton transverse momenta 
and the Higgs mass have been studied. In particular we have demonstrated that the lepton 
Pt spectra and their difference originating from a Higgs with a mass of 155 GeV and 175 
GeV differ, in a rather model independent way, by more than 3 standard deviations. Thus, 
once the number of signal events is not consistent with the mass intervall between 160- 
168 GeV, the cross section ambiguities for the mass interpretation can be resolved by a 
detailed analysis of the lepton px spectra. A combination of the accepted number of events 
(or accepted cross section) with the analysis of the lepton px spectra will allow to identify 
which of the mass hypotheses is valid. For example if about 300 signal events would be 
selected for a luminosity of 10 fb" 1 , either a mass of 155 ± 2 GeV or 173 ± 2 GeV would be 
possible. The analysis of the lepton px spectra indentifies the correct solution. In a similar 
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approach and once a signal has been identified, one would test if the mass interpretation 
from the Standard Model cross section predicts also a good agreement with the observed 
lepton pt spectrum. If this is not the case, and with larger statistics, the lepton p^ spectra 
can be used to demonstrate that the observed signal deviates from the SM. 

VI. SUMMARY 

Assuming that the LHC experiments will discover a Higgs-like signal in the channel 
gg — > H — > WW — > tvtv y different experimental observables have been analysed in order to 
establish how well the Higgs mass can be measured with this channel. Using the now well 
established selection procedure, the observed event rate can be used to determine the Higgs 
mass, assuming Standard Model couplings. In addition it is shown that the observable 
lepton j>t spectra are also sensitive to the Higgs mass, while details of the QCD modelling 
of the Higgs spectrum are not important for the Higgs mass measurement. 

It is found that for the envisaged mass accuracy of about ± 2 to 2.5 GeV, the lepton p^ 
spectra can be considered as essentially independent from details of the QCD modelling of 
the Higgs pt spectrum. 

Combining the hypothetical cross section measurement with the lepton p^ spectra and 
the estimated systematic uncertainties of about 10-15%, associated with this signature, we 
find that the mass of a Standard-Model-Higgs signal in the mass range from 150-180 GeV 
can be measured with an accuracy of about 2-2.5 GeV. In case that no further improvements 
in the systematics for this channel can be achieved, our analysis shows also that such a mass 
measurement will be dominated by systematic uncertainties once integrated luminosities of 
about 10-20 fb _1 can be analysed. 
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